Background--We evaluated the relationship of aortic root dimension (ARD) with flow output and both peripheral and central blood pressure, using multivariable equations predicting ideal sex-specific ARD at a given age and body height.
A ortic root (AR) dilatation has been associated with aortic regurgitation, hypertension, arteriosclerosis, and hypertensive end-organ damage, including increased peripheral resistance, carotid intima-media thickness, and evidence of plaque. [1] [2] [3] [4] [5] Although there is evidence of the relationship between AR dimension (ARD) and peripheral resistance, 2 there are inconsistent findings regarding the relationship with components of blood pressure (BP). In clinical and epidemiologic settings, ARD is generally associated positively with diastolic BP but negatively with pulse pressure (PP) and systolic BP, 6, 7 measured with cuff sphygmomanometry. The effects of BP components and hemodynamics on the variance of ARD remain uncertain, given the difficulty of identifying a clear cause-effect relationship and the lack of data on the relationship between ARD and central BP. In addition, relationships between BP and ARD vary according to the level at which ARD is measured, namely, sinuses of Valsalva versus ascending aorta. 8 Consequently, the nature of the association between hypertension and AR dilatation still needs to be clarified. 1, 6, [8] [9] [10] This uncertainty makes these relationships similar to a "chicken and egg" question. The physiological interaction between ARD and components of BP is regulated by key factors, including demographic, hemodynamic, and biological determinants. A number of previous reports strongly suggest that age, sex, and body size are the most relevant variables to be considered when estimating whether or not AR is dilated. 6, 9, [11] [12] [13] [14] Analyses taking into account the effect of these potent determinants might contribute to clarification of the interplay among ARD, components of BP, and flow output, a potential component of ARD variance that has been neglected. To isolate the effect of demographics and anthropometrics on the variability of ARD, we previously analyzed ARD in 1207 multiethnic, nonobese, normotensive, nondiabetic participants who were free of cardiovascular (CV) disease or aortic valve disease 11 to generate multivariable equations and nomograms to predict the ideal sex-specific ARD at a given age and body size.
In the present project, we applied these equations to participants in the fourth examination of the Strong Heart Study to evaluate the relationship of differences between actual ARD and the theoretical predictions for age, sex, and body size with both peripheral and central BP components. We also considered the impact of flow output and other potentially important biological parameters.
Methods

Study Population
Initiated as a longitudinal population-based survey of CV risk factors and CV disease in American Indians from 13 communities in Arizona, Oklahoma, and South and North Dakotas, [14] [15] [16] [17] the Strong Heart Study was extended to members of large 3-generation families (Strong Heart Family Study) during the fourth phase (between 2001 and 2003). 15, 16 From the fourth examination Strong Heart Study cohort of 3642 participants, we excluded 27 participants with coronary heart disease, 14 participants with aortic stenosis or regurgitation, and 9 with more than mild mitral regurgitation. From the remaining 3592 participants who were free of CV disease, 3251 were aged >17 years, and 3160 (97%) of those had available echocardiographic measurement of ARD and were included in the analysis. Participants gave written informed consent under protocols approved by all participating communities and institutional review boards.
Laboratory Tests and Definitions
Fasting plasma glucose was measured by standard methods. Diabetes (fasting glucose ≥126 mg/dL or ongoing antidiabetic treatment) was diagnosed based on 1997 American Diabetes Association recommendations. Obesity was classified based on the 1998 National Institutes of Health guidelines (body mass index ≥30 kg/m 2 ). Waist circumference was used as a measure of central fat distribution. Hypertension was defined by the Seventh Report of the Joint National Committee on Prevention, Detection, Evaluation, and Treatment of High Blood Pressure criteria (BP ≥140/ 90 mm Hg or use of antihypertensive treatment). C-reactive protein, plasminogen activator inhibitor-1, fibrinogen, and white cell count were measured by standard methods. Fat-free mass and adipose body mass were estimated by using an RJL bioelectric impedance meter (model B14101; RJL Equipment Co). Equations for estimating fat-free mass in kilograms based on total body water, using bioelectric resistance, had been validated previously in the American Indian population. 17 Adipose mass was estimated by subtracting fat-free mass from body weight. BP was recorded according to the procedures reported in the study operation manuals (http://strongheart.ouhsc.edu/manual/PhaseIV/Volume3.pdf) and in pilot manuscripts, 18, 19 with the participant sitting with the right arm on table and using a standard manometer. After 5 minutes of resting, the cuff was inflated to >30 mm Hg above the obliteration pressure, held constant for 5 seconds, and then slowly deflated (2 mm/s) while reading pressures for first and fifth Korotkoff phases. Before the second and third measurements, participants were requested to raise the arm for 5 seconds. After another 25 seconds with the arm on the table, the measurement was repeated for the second and third times. The average of the last 2 measurements was used for analysis. Cuff was determined based on the arm circumference, taken with participants sitting with the right arm hanging freely, with the right hand resting on the right knee, and with the tape measure placed horizontally at the midpoint between the acromion and olecranon. Results of arm circumference were rounded to the nearest centimeter.
Echocardiography
Echocardiograms were performed using phased-array commercial echocardiographs with M-mode, 2-dimensional, and Doppler capabilities, as reported previously. 18 Left ventricular dimensions and septal and posterior left ventricular wall thicknesses were measured based on American Society of Echocardiography recommendations. 19, 20 Left ventricular volumes were estimated from linear dimensions by the z-derived method 21 and used to derive stroke volume. An estimate of arterial compliance was also generated by the ratio of stroke volume to PP. Echocardiographic ARD was measured at the sinuses of Valsalva during diastole, by the leading edge-to-leading edge method. 9 The raw measure of ARD was compared with the value predicted for age, sex, and body size, using an equation previously generated in a large multiethnic population of healthy persons. 11 This approach has been validated recently in a population of patients with Marfan syndrome. 22 Due to the high prevalence of obesity in the Strong Heart Study population, we used height as the measure of body size in the following equation (ARD pred indicates predicted ARD):
ARD predðhtÞ ¼ 1:52 þ ðage yrs Â 0:01Þ þ ðHeight cm Â 0:01Þ À ðsex 1¼M;2¼F Â 0:25Þ
A sex-specific z score was calculated by the individual difference between measured ARD and predicted ARD values, divided by the sex-specific standard deviation of measured ARD in the present population (ARD-z). Consequently, positive values of ARD-z identified higher-than-predicted ARD, whereas negative values indicated ARD smaller than those predicted by age, sex, and body size. Cuff BP measured at the end of the echocardiogram by an aneroid sphygmomanometer was used for analysis in this study.
The reliability of our echocardiographic measurements was analyzed previously in a large population sample from a clinical trial. 23 
Carotid Ultrasonography and Applanation Tonometry
Carotid ultrasound was performed using a standardized protocol 24 and commercial machines. The protocol has been reported extensively. 25 Briefly, ECG-gated 2-dimensionally guided M-mode tracings of the distal common carotid artery %1 cm proximal to the carotid bulb were obtained and read offline by an experienced cardiologist. Following calibration for depth and time, the end-diastolic wall thickness (combined intima-media thickness of the far wall) and end-diastolic and peak-systolic internal diameters (by continuous tracing of the lumen-intima interface of the near and far walls) were measured on several cycles using electronic calipers and averaged. Carotid plaque was rare in this relatively young population and was not analyzed. As reported previously, 26 radial arterial pressure waveforms were obtained by applanation tonometry (SphygmoCor System) in 2319 adult participants from the Oklahoma and South and North Dakota field centers who were free of prevalent CV disease (73%) to generate estimates of central systolic and diastolic BP. Applanation tonometry has been validated to yield accurate estimates of intra-arterial pressure. 27 Brachial systolic and diastolic pressures for calibration were entered by averaging the last 2 of 3 sequential brachial pressure readings made at the end of the echocardiographic procedure (http:// strongheart.ouhsc.edu/manual/PhaseIV/Volume5.pdf).
Statistical Analysis
Analyses were performed to examine the associations of variability of ARD-z with 4 critical physiological components: (1) cuff diastolic BP, as the steady stress imposed on the Valsalva sinuses at the closure of aortic valve; (2) stroke volume, a measure of left ventricular performance 28 that represents the flow volume distending the proximal aorta during ventricular contraction; (3) cuff PP, as the measure of the combined left ventricular ability to expel blood and the aortic capacitance (systolic BP was also used in alternative analyses); and (4) heart rate, as the marker of the frequency of the aortic distension per unit time. In the subpopulation in which applanation tonometry was available, estimates of central systolic diastolic and pulse BP were also evaluated in alternative analyses.
Data were analyzed using SPSS 22.0 (IBM Corp) and expressed as meanAE1 SD or proportion in the chi-square distribution. Indicator variables were included for the Arizona, South and North Dakota, and Oklahoma field centers. We analyzed main biological characteristics in tertiles of ARD-z, labeled for convenience as small, normal, and large ARD, using ANOVA and simple main effect with Sidak correction for identification of differences. Tertile allocation was made automatically by the SPSS package. Multiple linear regression analysis was used to analyze the variance of ARD-z in relation to the 4 main components, which we hypothesize contributed independently to modulation of ARD variance. In a second model, body composition, markers of inflammation, and lipid profile-identified as associated with ARD in the exploratory analyses-were added. Because the level of relatedness was high in this population, we also adjusted for a standard kinship coefficient based on the level of relatedness within a family, as reported previously. 29 In the third model, antihypertensive therapy (classes of medications significantly different among the tertiles of ARD-z) was also forced into the previous model. Variance inflation factor was computed to explore the level of multicollinearity. The variance inflation factor was maintained within the range considered to be acceptable (ie, <10).
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Although well below 10, the highest level of variance inflation factor was expectedly reached by the combination of fat-free mass, fat mass, and waist circumference; these 3 parameters offer a high degree of biological collinenarity. The decision to maintain all 3 variables in the equation was made on the basis of the different biological meanings of these parameters, with the first 2 being expressions of general body composition and waist circumference being the marker of specific abdominal fat distribution. A 2-tailed P≤0.05 was assumed to be statistically significant.
Results
The mean age of the study population was 42AE16 years (range 18 to 93 years), and there was a predominance of women (61%). In men and women, respectively, arterial hypertension was present in 40% and 32%, obesity was present in 54% and 62% (both P<0.0001), and diabetes was present in 22% and 25% (P not significant).
Figure displays the normal distribution of ARD-z. ARD-z ranged between À3.75 and 4.04 SD from the mean predicted values. Table 1 presents the characteristics associated with tertiles of ARD-z in the whole study population. Participants with large ARD were younger than those with small ARD and exhibited greater prevalence of central obesity, with greater amounts of body components (both fat and fat-free mass) and higher levels of inflammatory markers and cholesterol (0.05<P<0.0001). Carotid intima-media complex was thicker and diastolic diameter was smaller in participants with small ARD than in those with normal or large ARD (both P<0.0001). Consequently, carotid relative wall thickness was progressively lower from small to large ARD (P<0.0001).
Antihypertensive therapy was not different among the 3 groups, with similar proportions of patients taking diuretics, Ca ++ -channel blockers, and beta blockers, but a significant difference was noted in anti-renin-angiotensin system medications (anti-RAS, namely, angiotensin-converting enzyme inhibitors or angiotensin receptor blockers), which were taken more frequently in the subgroup with small ARD (21%) compared with the groups with normal ARD (17%) or large ARD (15%, P<0.001).
Stroke volume was progressively greater from small to large ARD (P<0.0001), paralleling trends in increasing heart rate (P<0.01) and cuff diastolic BP (Table 2 ) and decreasing PP (both P<0.0001), whereas systolic BP was similar among the 3 ARD groups. The applanation tonometry estimates of systolic, diastolic, and pulse central BP exhibited the same distributions as the cuff BP (Table 2 ). It should be noted that small ARD accommodates lower stroke volume but maintains the same systolic BP as large ARD. Estimated arterial compliance by the stroke volume/PP ratio was progressively lower as the ARD decreased (P<0.0001).
Multivariable analysis was implemented on the basis of the exploratory statistics, thus ARD-z variability was initially tested using the 4 hemodynamic components at the basis of our hypothesis (model 1) (Table 3) . Eventually, all other potential confounders, including body fatness and markers of inflammation, were forced (model 2) (Table 3) . ARD-z was related positively to stroke volume, cuff diastolic BP, and heart rate and negatively to cuff PP (model 1, all P<0.0001). We also ran the same model using raw values of ARD normalized for height and adjusting for sex, age, and degree of relatedness. The relationship between ARD and hemodynamic components was almost identical to that reported in Table 3 (b-coefficients were 0.21 for stroke volume, À0.08 for PP, 0.08 for diastolic BP, and 0.06 for heart rate, all P<0.0001).
The addition of the correlates identified in exploratory statistics (Table 1) did not modify the impact of the 4 primary covariates but added some information (model 2). In particular, large ARD was independently correlated to waist circumference (P<0.01), which blunted the effect of body composition components detected in univariate analysis. As expected, there was a moderately higher level of multicollinearity among waist circumference, fat-free mass, and adipose mass but well below the level considered acceptable. In addition, ARD was positively correlated with the percentage of neutrophils of the white blood cell count and with the circulating level of plasminogen activator inhibitor-1, whereas no relations were detected with lipid profile. Carotid intimamedia thickness, added to model 2, did not exhibit any relationship with ARD (P=0.963). Finally, anti-RAS medications were not independently related to ARD-z (P=0.1), and forcing them into the model did not change the coefficients or the significance of covariates as shown in Table 3 .
The same models as those in Table 3 were also run by changing cuff BP to estimates of central BP (Table 4) for participants in whom applanation tonometry was available. Using central instead of cuff BP did not change the profile of the explained variance of ARD displayed in Table 3 , except for heart rate, which decreased its impact to a level that was no longer significant (P=0.4).
Other multivariable models were run using systolic BP (either cuff or central) instead of PP. The relationship of ARD to the covariates was confirmed by regression also using systolic BP (data not shown).
Discussion
In our analysis, we identified potential reasons for inconsistent findings in the literature about relationships between arterial hypertension and ARD. Whether ARD was related to BP values and how much other factors could interfere with this relationship were explored only marginally in previous large populationbased studies 6 and never using central BP. We demonstrated that there are hemodynamic components strictly related to ARD that need to be considered as a whole to understand those relationships. We also demonstrated that other components of the variability of ARD did not interfere with the relationship of ARD to the hemodynamic components that we hypothesized to be primary physiological determinants of variability of ARD. An interesting parallelism has also been documented between ARD and carotid diastolic dimension. Consequently, after controlling for the confounding influence of sex, age, and body size, ARD was influenced primarily by the distending pressure stretching the aortic wall when the aortic valve is closed and by the impact of the amount of blood expelled on each heart beat. The frequency of cardiac contraction also exhibited some influence, but the statistical effect was substantially diluted when other cofactors were considered, especially when BP was measured by applanation tonometry. In the scenario presented in our analysis, diastolic BP might be considered a determinant of ARD, and hypertensive persons with uncontrolled diastolic BP should be considered at risk of AR dilatation. In contrast, the comparison of the results of exploratory statistics with those of multivariable analysis indicated that PP decreased for larger ARD at a given diastolic BP, stroke volume, and heart rate, suggesting that small ARD might be a condition predisposing to systolic hypertension by reducing the capacitance of the proximal aorta.
Although the Framingham Heart Study already demonstrated directionally opposite relationships of ARD diastolic/ In Model 1, the 4 hemodynamic components were entered; in Model 2, parameters of body fatness and inflammation were forced. ARD-z indicates sex-specific z score for measured and predicted aortic root dimension values; BP, blood pressure; PAI-1, plasminogen activator inhibitor-1. *Relatedness was evaluated by standard kinship coefficients (0.25 for parent/offspring, 0.25 for full siblings, 0.125 for half siblings, and 0 for no consanguinity). 29 mean BP (positive) and systolic/pulse BP (negative), stroke volume and other biologic correlates were not examined, and the BP used in the analysis was taken peripherally with sphygmomanometers. We extended those findings and documented, for the first time, that the scenario identified using cuff BP could be fully confirmed using central BP estimates and was not affected by other potential influences.
Our results and interpretations of our findings are consistent with another more recent longitudinal analysis from the Framingham Heart Study 10 showing that longitudinal increase in AR size was related to a corresponding decrease in PP.
What is missing in all previous reports on ARD is the consideration of the stroke volume ejected into the aorta on each heart beat. Integration of the force imposing the steady tension on the AR, the stroke volume ejected that produces phasic aortic strain, and the frequency of these pulsatile deformations makes possible a better understanding of the relationship with systolic BP and PP.
The present study also identified a relationship between waist circumference and ARD that is independent of the 4 main hemodynamic correlates, a relationship that is also unaffected by influences of age, sex, and height. Central fat distribution is thus another important correlate of ARD and, in the multivariable analysis, obscures the relationship identified with body composition in the exploratory univariate analyses.
Central fat distribution has been reported to be associated with elevated levels of circulating inflammatory markers. 31, 32 There are many conditions in which a high inflammatory state has been reported to be associated with AR dilatation, 33, 34 thus the correlation between ARD and markers of inflammation, such as neutrophil percentage in the present study, was not a surprise. 35 Our understanding of the role of the neutrophil in inflammation has changed fundamentally in recent years. Despite the traditional interpretation of neutrophils as pure markers of immune response to external factors, it is now recognized that activated neutrophils are similar to macrophages and produce a number of inflammatory cytokines, proteases, and chemoattractants 36 that might play important roles in the process of arteriosclerosis and aortic dilatation. The relationship of ARD with plasminogen activator inhibitor-1 is also a new finding of our analysis. In addition In Model 1, the 4 hemodynamic components were entered; in Model 2, parameters of body fatness and inflammation were forced. ARD-z indicates sex-specific z score for measured and predicted aortic root dimension values; BP, blood pressure; PAI-1, plasminogen activator inhibitor-1. *Relatedness was evaluated by standard kinship coefficients (0.25 for parent/offspring, 0.25 for full siblings, 0.125 for half siblings, and 0 for no consanguinity). 29 to its activity on fibrinolysis, plasminogen activator inhibitor-1 regulates circulating levels of a number of inflammatory cytokines, such as tumor necrosis factor-a, interleukin-6, and interferon-c, 37 and might also be overexpressed as a consequence of the upregulation of proinflammatory cytokines (overproduced by visceral fat). Endothelium dysfunction, a consequence of the latent inflammatory status in visceral obesity, increases secretion of a number of endothelial products such as plasminogen activator inhibitor-1, 38 generating a vicious cycle. Experimental studies and human conditions strongly suggest that inflammation is a concurrent cause of aortic dilatation. 39, 40 Our findings need to be interpreted taking into account the cross-sectional nature of this study, which does not allow any cause-effect inference; however, it is interesting that despite the interference of a number of physiological and pathological confounders, a close correlation remains between ARD and the key hemodynamic parameters studied in this analysis. The equation tested in this analysis was derived from a multiethnic population but was applied to a specific ethnicity, a potential mismatch that should be taken into account when interpreting our results; however, the equation has already been validated in different populations. 22 In addition, despite the good reliability tested in our echocardiography laboratory, 23 the limitations inherent to ultrasound evaluation of CV structures (signal noise, acoustic artifacts) should always be considered when interpreting these data. In our analysis, the impact of these potential technical pitfalls is at least partially limited by the large number of observations, which dilutes the error. 41 Finally, in evaluating the results obtained with central pressure, one needs to take into account that the calibration of the radial waveforms was done using brachial diastolic and systolic pressure, thus neglecting the possible amplification from brachial to radial site, with the possibility of a slight underestimation of calculated central pressure.
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Perspectives
We used a novel approach to evaluate deviations of ARD from what would be appropriate for a given age, sex, and height, and that allowed us to identify a number of characteristics related to either small or large AR. This approach might be used in clinical practice to identify patients with AR dilatation and in longitudinal study to establish risk. Our findings also raise questions concerning the evolution of AR dilatation in hypertensive populations, based on hemodynamic characteristics of high blood pressure and the potential importance of the native AR in the progression toward isolated systolic hypertension. Further research needs to explore these aspects and possibly clarify whether findings at the level of the Valsalva sinuses may be extended to thoracic and abdominal aorta, as findings on carotid geometry might suggest.
